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AAS 93-567

DESIGN OF THE GALILEO SATELLITE TOUR

A. A. Wolf* and D. V. Byrnes**

In May of 1992, a satellite tour trajectory for the Galileo mission was
chosen from a set of candidate tours. The design of these candidate tours
and the selection of the tour described in this paper were the result of an
intensive 8-month effort. Concepts, strategies, and techniques de -
veloped in the 1970s and 1980s, which we re used in designing the satel-
lite tour for the 1986 launch opportunity (prior to the Challenger acci-
d ent), were employed and e xten ded for this effort.  Some new techniques
had to be developed during the course of this effort to respond to changes
in mission constraints and science priorities naade since the Galileo
spacccraft was launchedin 1989.

INTRODUCTION

The Galileo mission is the first mission to use an atmospheric probe and an or-
biting spacecraft {o perfor m an intensive investigation of Jupiter, its environment, and
its Galilean satellites (10, Europa, Ganymede, and Callisto}. See referencesland 2 for
overall descriptions of the mission. Prior to a1 rival at Jupiter, the atmospheric probe
separates from the larger portion of the spacecraft, which serves as a Jupiter orbiter,
After its insecrlion into orbit about Jupiter, the Galileo orbiter travels ina series of
highly elliptical orbits about Jupiler. ‘I-his series of orbits is rcferred to asthe “satellite
tour". The tour contains ten close "targeted” flybys of the Galilean satellites. A targeled
flyby is one where the o1 biter'strajectory has been designed to pass through a specified
aimpoint {latitude, longitude, and altitude) at closest approach inorder to use the salel-
lite's gravitational influence to produce a desired change in the trajectory. Pre-launch
cstimates of propellant and other consumable resources set the nummber of targeted fly-
bys inthe nominal tour.

Targeled flybys are capablce of making large changes in the orbiter's trajectory.
Ilach targeted flyby is used to target the orbiter to the next flyby. At each satellite en-
counter, different aimpoints exist that allow the orbiter to return to the same satellite,
or to target to a cliffe.rent satellite. ‘The abundance of alinpoints at each satellite en-
counter makes possible a large number of possible tours, each of which may satisfy
many of the science objectives indilferent ways, While it is possible to design a tour to
satisly any single science requirement, it is difficult to design a single tour which coln-
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pl ctely fulfills all the science requirements, because the trajectories needed to satisfy
different science requirements tend to be dissimilar.

Tour design involves maximizing sclence return in competing science areas
while satisfying mission-impyosed constraints. Multiple science obj C. ctives must be ac-
complished at cach flyby and on cach orbit to 1naximize science return. The strat egies
used to achieve high science return while meeting constraints are examined here.
Parlicular attention is pald to mecthods used to meet changes in science priorities and
constraints which have been made since launch. The final tour selected by the Galileo
praoject is presented.

SCIENCE OBJECTIVES

The scientific investigations to be performed by the orbiter can be divided into
three arcas: investigations of Jupiter ant] its atimosphere, the fields and particles in
Jupit er's magnetosphere, and the Galilean satellites. Galileo science requirements
have previously been discussed in detail (references 3,4). A briel review is presented
here.

Atmospheric Science

Observations of cloud features and other dynamics in the Jovian atmosphere
can only be made of sunlit portions of Jupiter and arc best done at great distances in
order to view the planet with the narrow angle camera. Other atmospheric phenomena
of interest, such as lightning, arc best examined as the orbiter passes over Jupiter's un -
lit side.

Magnetospheric Science

‘The most important magnetospheric science requirements are to pass through
the Jovian magnctolail al a distance of at least 150 RJ (Jupiler radii), and to pass
through the wake and Alfven wing regions surrcunding each satellite. The magnetotail
streams out from Jupiter in a shape roughly resembling a windsock in the dircction op-
posite the sun. The region of greatest scientific interest lies within 15 deg. either side of
the anti-sun line. Satellite “wakes” are created as charged particles trapped in Jupiter’s
magnetic field sweep by the satellites. Jupiter's imnagnetic field rotates with Jupiter at a
rate faster than the rotation rates of the satellites around Jupiter. Therefore, the wakes
stream out in {ront of cach satellite. Wake passes are achieved with flybys near a satel-
litc's equator over the satellite’s leading edge. Such flybys reduce orbital period (sec also
the brief discussion of gravitational assist below). An "Alfven wing” is a wave gener-
ated In Jupiter's magnetic field by plasimnamoving by a satellite, This wave propagates
in a region located approximately over a satellite's poles, tilted towardthe direction of
motion of the satellite. Passages through Alfven wing regions are achieved by flying
necarly over a satellite's pole. Such flybys change inclination but donot appreciably
change period.

Satellite Imaging

The goal given the highest priorily in satellite imaging is to maximize the num-
ber of high -resolution images obtained with the SS1 (Solid State Imaging) camera.
Coverage at high resolutions can only be obtained at Jow altitudes during targeted fly-
bys when passing over the lit sidc of a satellite. Because of the narrow field of view of
the SSIinstrument and the small number of flybys, it is possible to image only a small
portion of each satellite at high resolution.

Much larger portions of the satellites can be imaged at lower resolutions.
Maximnizing the area covercd al SSlresclutions of 1 km or betler is a high priority goal.
These resolutions arc obtained at altit udes of 50,000 kin or less, which are achieved




along the approach and departure asympt otes Of targeted flybys. of equal iimportance is
NIMS (Near Infrared Mapping Spectrometcr) coverage at 25 ki resolution or better un-
der high-sun conditions (i.e. when the sun-viewed surface-orbiter angle is 60 deg. or less
and the sun-surface-zenith angle is 50 deg. or less). The NIMS instrument measures the
spectrum Of sunlight reflected from the surface in order to determince satellite composi-
tlon. Because of the lower resolving capability of the NIMS instrument, the distance at
which NIMS coverage is obtained at 25 km resolution 1s the same al which SS1 coverage
iS obtained at 1 km resolution).

<ach of the Galilean satellites is in synchronous rotation with Jupiter; that is,
the same satellite hemisphere always points toward the planet. Therefore, changes to
the shape, size, and orientation of the orbiter's orbit do not appreciably change the "real
estate” viewed along the approach or departure asymptoles to a flyby (see Figure 1).
Approaching an outbound flyby (one occurring after perijove), the region near O deg.
longitude (facing Jupiter) is visible, andtheregion near 180 deg. longitude (facing away
from Jupiter) is visible when departing. The reverse is true for aninbound (pre-peri-
jove) flyby: the region near 180 deg. longitude is visible along the approach asymptote,
and the region near O deg. longitude is visible from the depart urc asymptote. Coverage
of both hemispheres of a satellite requires at least two separate encounters, one in-
bound and one outbound.

The areas visible near closest approach lie near the 90 or 270 deg. longitude re-
gions, depending on whether the orbiter passes over the leading or trailing edge of the
satellite. Small portions of these regions are covered at high resol utions during tar-
geled flybys, but most of the area in thesc longitude regions cannot be covered during
targeted flybys because. these arcas cannol be seen from the asymptotes. This give.s rise
to gaps in coverage near the 90 and 270 deg. longitude regions. which unforlunately co-
incide with regions not observed hy the Voyager spaceccraft. B3oththe Voyager and
Galileo trajectories arc posigrade, with perijoves far beneath the orbits of Ganymede
and Callisto.
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It is possible to fill the coverage gaps by designing satellite flybys whose Closest
approach altitudes are on the order of tens of thousands of kin. At a closest approach
altitude of 50,000 km or less, the entire region near 90 or 270 deg. longitude can be im-
agedat 1 km SS1 resolution; at 100,000 ki or less, the region can be imaged at 2 km res-
olution. The effect of such flybys on the orbiter's trajectory is small, due to the much
greater distance at Which the flyby occurs. These distant flybys are called
"nont argeted" flybys, because their flyby aimpoints need not be tightly controlled, as is
the case for targeted flybys. Coverage of the regions near both 90 and 270 deg. longitudes
of a satellite requires two separate encounters, one inbound and one outbound.
Nontargeted flybys provide excellent opportunities to fulfill science requirements for
global imaging of salelliles.  For this reason, candidale tours S]10LI1C] include as many
nontargeted flybys as possible.

Coverage of Kuropa was assigned the highest prior ity by the science teams, fol-
lowed by coverage of Ganymede, then Callisto. Particular interest was expressed by
science teams in tours containing lwo nontargeted flybys of Kuropa. A conscnsus
ererged that atour with tvJO Europanontargeted flybys and a nontargeted flyby Of el-
ther Ganymede or Callisto wo uld be acceptable.

Radlo Science

Radio science experiments support all three major science arcas
(inagnetosplieres, atmospheres, and satel lites). When the orbiter passcs behind Jupiter
as viewed from Earth, radio signals from tile. orbiter arc not cut off. Instcad, they arc 1e -
fracted by the dense Jovian atmospherc on their way to Earth. Polarized radio signals
are also influenced by the magnetic field of Jupiter, through a phenomenon called the
Faraday effect, Because a great deal of information on the atimosphere and magnetic
field may be gleaned by analysis of the refracted polarized signals, passes behind
Jupiter are desired in the tour. Such passes arc called occultations of Farth by Jupiter,
as viewed from the orbiter. Occultations of the sun by Jupiter as viewed from the orbiter
li.e. passages through Jupiter's shadow) are also desired, because they offer an opportu-
nily to observe lightning and other atimospheric pticnomena best seen in the dark.

For tours associated with arrivals at Jupiter in 1995, Jupiler's equator s viewed
nearly edge-on from Earth; th us, occultations of Karth by Jupiter as viewed from the
orbiter arc achieved on many orbits without the usc of flypbys 10 change orbital inclina-
tion.

Occultations of Earth by the Galilear) satellites as viewed from the orbiter are
also desired in the tour, in partic ular by 10, where the radio signal may be distorted due
to oulgassing from volcanic plumes. }lowever, radial ion considerations prohibit the
orbiter from approaching 10 more than once, and no occultation occurs during the sin-
gle 10 flyby on the insertion orbit. Thercfore, tour design efforts have. included attempts
to incorporate occultations of 10 at greater distances in other portions of the tour.
Opporlunities t0 obtain such "distant 10 occultations” frequently exist during orbits
containing necar-equat orial occullations Of Karth by Jupiter. Orbital inclination must
be tightly controlled to be assured of passing behind a sinall satellite at a large distance.
It is necessary to use the targeted flyby inumedialely preceding a distant satellite occul-
tation to change inclination to the precise value needed to achiceve the occultation.

TOUR DESIGN CONCEPTS

During the tour, the gravitational fields of the sate'llites are used to make large
alterations in the trajectory. The concept of gravitational assist has been extensively
discussed previously (references 2-8) and employed in previous missionis.  Briefly ex-
plained, a satellite flyby can change the direction, but not the magnitude, of the or-



biter's velocity relative to the satellite. This change in the dir ection of the salellile-rel-
alive velocity vector can cliange both the direction and the magnitude of the orbiter's
velocity vector relative o the central body (Jupiter, in the case of the Galileo tour).

Flybys can be used to change energy with respect to the. central body, equivalent
to changing orbital period. For tours like that of Galileo in which the plane Of the or-
biter's orbit lies near the planes of the satellites’ orbits, this is done by flying over the
satellite at or near its cquator. increasing orbital period [referred to as “pumping up”)
with respect to the central body is accomplished by flying behind a satellite’s trailing
edge. Decrcasing orbital period ("pumping down"} “involves flying ahead of its leading
edge.

Flybys can also be used to change the orbit without changing orbital period.
This technique is referred to as “orbit cranking”. For toursin whichthe orbiter’s orbit
lies near the plancs of the satellites’ orbits, this is tantamount to changing inclination,
and is done by flying over onec of the satellite’s poles, Flying over a satellite at latitudes
between the cquator ant] a pole produces a change in both period and inclination.

Flybys which change orbilal period also rotate the line of apsides and change
the distance of perijove from Jupiter. For a given period change, a flyby which occurs
far from the orbiter's perijove rotates theline of apsides and changes perijove distance
more than a flyby occurring close to perijove. A flyby occurring exactly at perijove
changes orbital pecriod without rotating the line of apsides and without changing peri-
jove distance. For example, a Callisto flyby which chianges period a given amount ro-
tates the line of apsides 11101 ¢ than a Kuropa flyby Changing p eriod by the same amount,
because the orbiter encounters Callisto at a greater distance from Jupiter (hence, at a
greater true anocmaly). The direction in which the line of apsides is rotated depends on
whether the period is increased or decrcased and whether the satellite flyby occurs be-
fore perijove ("inbound”) or after perijove ("outhound”). Figure 2 shows that an
outbound, period-redu cing flyby (from orbit A to orbit B) rotat ¢s the. line of apsid es
clockwise, and an outbound period-inci casing {lyby (from orbit B to orbit A) rotates the
line counter-clockwise. Rules for orbit rotation arelisted in ‘L’able 1.

The angle measured clockwise at Jupiter from the Jupiter-sun line to the apo-
jove, referred to as the “orbit orientation”, is an important consideration for atmo-
spheric observations. The time available for observations of Jupiter's lit side decreases
as the orbit rotates toward the anti-sun direction. Arrival conditions at Jupiter fix the
initial orientation at about 125 deg. Due to the motion of Jupiter around the sun, the
orbit orientation increases with time, at a rate of 2.52 deg. /mont h. Over t he 23-month
nominal duration of the tour, the total amount of drift in orbit orientation is 58.0 deg.
This means that the orbit orientation at the end of the tour would be about 183 deg. (that
is, within 3 deg. of the anti-sun direction) if changes in orbit orientation were due only
to orbit drift. Period-changing targeted flybys which rotate the line of apsides may be
used to add {o or subtract from thi S drift in orbit orientation. The rotation of the orbit
from the initial orientation to the anti-sun direction for the tour prescnted here is
shown in Figure 3, referred to as a "petal plot” because of tile resemblance of the orbits to
the pctals of a flower.In the coordinate systemused in this figure, the direction to the
sun is fixed.

CONSTRAINTS

Tour design is constrained by many factors, several of which are unrelated to
the laws of orbital mechanics., Constraints are imposcd due to the limits of hardware
capabilities, instrument reliability, navigational accuracy, and budgetary concerns.

The arrival conditions at Jupiter are fixed by the int erplanetary trajectory. The
orbit er arrives at Jupiter on Dec. 7, 1995, and a prop ulsive maneuver is execut ed to in-
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Table 1
ORBIT RO'I'AI'1ON RULES
Energy (period) Energy (period)
Flyby location increasing flyby decreasing flyby
Inbound Clockwisce Counterclockwisce
(pre-perijove)
Outbound Counterclockwise clockwise

(post-perijove)

Note: Clockwise rotation is in the direction from the initial orbit orientation
(near the dawn terminator of Jupiter) toward the anti-sun direction.

serl the orbiter into orbit about the planct. Performance considerations restrict the
post -insertjon orbit p criod to within the 200-230 day range. Theinsertion Ol-bit is in-
clined about 6 deg. to Jupiter's equaltor.,

A minimum time interval of 35 days between targeted flybys is required in order
to allow enough time for the design of conmmand sequences belween encounters. This
required interval had previously been set al 28 clays, but was increased as a result of fur-
ther analysis of the tilme required to gencrat ¢ command sequences for the orbiter.

The allowed duration of the tour is set by the Galilco project due to budget con-
siderations. For the 1986 launch oppor tunity, the durat lon limit was set at 22 months
from Jupiter orbit Insertion. A 22-month duration constraint is difficult to meet even
with as little as 28 days allowed between flybys. The allowed duration of the tour was
increased 1o 23 months in order to accommodate the increasc in the minimum time in-
terval allowed between targeted flybys.

A solar conjunction occurs during the tour on January 19,1997, Reception on
the orbiter of the radio signal fromn Earth is degraded significantly whenever the Sun-
Earth-orbiter angle is Icss than 5 deg. ‘The effect of this signal degradation on the,
uplink of command scquences is such that no close satellite flyby is all owed between
January 8 and February 1.



Only a limited amount of prop ellant is available for tour operations. Propellant
is used only to provide small adjustments to the trajectory necessary to navigate the or-
biter, to turn the orbiter for scicnce-gather ing purposes or to communicat ¢ with Earth,
Designing a tour which minimizes propellant use was an especially higll-priority
objective during this tour design effort. Because propellant was expended in attempts to
flee the spacecraft's stuck high-gain antenna during interplanctlary cruise (reference 1),
minimizing propellant use during the tour was necessary in order to be able 10 include a
flyby of the asteroid Ida during interplanetary cruise while retaining the ability to
cornplete ten targeted satellite flybys inthetoul .

Instrument and orbiter reliability concerns impose a maximum accumulated
radiation dosage value of 150 krad to which the orbiter may be exposed. Encergetic elec-
frons and protons trapped in Jupiter's radiation belts can cause interference and dam-
age in electronic parts in the Galileo orbiter. The measure of radiation dosage adopted
is the close in krad that would penetrate shielding equivalent to 2.2 g/cin? of al uminum
inthe Jovian radiation cnvironment. 1'0 cnsure that such effects do not scriously de-
grade performance, the maximum acceptable radiation dosc for the entire mission has
been set at 150 krad.

Since 10 orbits deep within the radiation belts, only one Jo flyby is permitted
during the mission, 10 is usedon the inscition orbit to slow the orbiter, which reduces
the amount of AV neceded to accomplish inscrtion inito orbit about Jupiter. During this
single 10 flyby, the orbiter absorbs approximately 40-50 krad, approximately one third
of the dose allowed during the entire mission. A perijove raise manecuver is pel-formed
near the first apojove which raises perijove high ennough so that the 150 krad constraint
is not exceeded during the remainder of the mission. Perijove must be kept near or be-
yond Europa’s orbit during the remainder of the missionin order not to exceed the 150
krad constraint.

The requirement to navigale the orbiter accuratcly allows no more than one tar-
geted and one nontargeted Satellite encounter per orbit. This requirement is due to the
differences expected between the! predicted and the actual post-flyby orbit which accrue
duc to imperfect knowledge of the pre-fliyby orbit, the satellite orbits, and other factors.
Navigational constraints also impose a minimum satellite flyby altitude of 500 km for
the first targeted flyby. 200 km for subsequenttargeted flybys. and 25,000 km for non-
targeted flybys.

TOUR DESIGN STRATEGY
Orbit Orlentation

The petal plot of Figure 3 shows thatl the orbiter spends a great deal of time on
Jupiler's dark side. Inorder to maximize the amount of time available {o observe it
portions of Jupiter (which is a high priority for almospheric science), the orientation of
the orbiter's orbit must be kept close to the initial orientation for as long as possible.
Consequently, targeted flybys near the beginning of the tour are designed to counteract
the clockwise orbit drift {lo “coLIntcr-rotate” the orbit).

If the first fcw flybys in the tour arc uscd to counter-rotate for observations of
Jupiler's lit side, the drift in orbit oricntation due to Jupiter's motion about the sun is
not sufficient by itself to reach the anti-sun direction, where the magnetotail lies, by
the end Of the tour. Subsequent flybys must be employed to help rotate the orbit toward
the anti-sun direction in order to achicve magnetotail passage, Inmost previously de-
signed tours, the magnetotail passage was placed at the end Of the tour. This permits
more counter-rotation at the beginning of the tour, which maximizes atmospheric ob-
servation time. The last satellite flyby is used to increase the orbital period to approx-
imately 90 or more days in order to achieve a distance of 150 RJ al the apojove of the
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"tail petal” orbit (the orbit on which magncetotail passage is achicved). The 23-month
Hmiton the tours duration is satisfied if the magnetotail passage, which occurs near
apojove, is completed within 23 months. Consequently, for tours in which the magne-
totail passage is placed alter the last targeted flyby, it is not necessary to include the
post-apojove porlion of the tail petal orbit [lasting approximately 45 clays) within the
23-month limit.

Prior to this finaltour design cffort, the Galileo Project specifically requested
that some candidate tours be designed in which the magnetotail passage occurs after the
elghth targeted flyby, rather than the tenth. Hating the magiietotail passage after the
clghth targeted flyby rather than at the end of the tour has the effect of reducing the time
available for atmospheric observations. This occurs because it is necessary to begin ro-
tation toward the anti-sun direction earlier in the tour in order to reach the anti-sun
direction earlier. Placing the magnetotail passage carlicr also increases the difficulty
of designing a tour which meets the 23-month duration limit with no less than 35 clays
between any two targeted flybys. 1lecause two targeted flybys remain after the magne-
totail passage, the tour cannot be considered complete at the apojove of the tail petal or-
bit, and the period of roughly 45 days between apojove and the subsequent flyby must be
included within the 23-month limit,

Alfven wing passes which do not appreciably change period must also bein-
cluded in the tour, This means the tour cannot consist solely Of counter-rota ting flybys
al the beginning followed by rotating flybys at the end: there must be a few flybys de-
signed to produce Alfven wing passes, which provide little or no apsidal rotation (i. e.,
which neither rotate nor counter-rotate the o rbit).



Orbital Period Profile

The 23-month duration limit, the requirement that not less than 35 days clapse
between targeted flybys, and the limitations of the satellites' abilitics to p rovide gravi-
tational assist make il possible to specify arough profile of desired orbital periods at
various points in the tour before the tour is designed. Given the orbiter's post-insertion
orbital period of 200-230 days anti the tail petalorbital period of approximately 90
days, the average timeinterval between encounters for the remaining flybys must be
approximaltely 48 days in order to finish the tour in 23 months. Orbital period must be
reduced carly in the tour, theninctcased to nearly 90 days for the tnagnetotail passage,
thenreduced again as quickly as possible in order to finish the tour within 23 months
from arrival at Jupiter.

The targeted flyby strategy used in previous tours (relerences 4, b) accomplishes
the above objectives well, and was used in this tour. The first encounter, with
Ganymede, is designed for maximum period reduction, and is placed inbound to peri-
jove in order to counter-rotate theline of apsides. The sccond flyby, also with
Ganymede, reduces inclination, aligning the! orbital planc more closely with the Jovian
equator in order to enable the orbiter to encounter satellites other than Ganymede. The
third flyby, with Callisto, lurther reduces period, depressing perijove to below Europa's
orbital radius to make possible a Kuropa flyby and fu rther counter-rotat ing the apsidal
linc.

Nontargcted Flybys

It is, of course, desirable o include as many nontargeted flybys as possible in the
tour. A "nontargeted flyby opportunity” is saidto occur at any combination of orbit ori-
entation, perijove distance, orbital period, ant] time for which it is possible to en-
counter two salellites on onc orbit. The tour must be designed to arrive at the combina-
tions of orientation, perijove distance, ant] period necessary to achieve nontargeted en-
counters in Conjunction with targeted encounters al various points in the tour, This, of
course, must be accomplished within the constraints of the orbit orientation profile
discussed above {which itself is a compromise between the conflict ing requirements to
maximize time over Jupiter's Jit side ancl to reach the magnetotail) and the perijove pro-
file required to manage the o]-biter's exposure to radiation.

The occurrence of nontargeted flyby opportunities is tied to the synodic period of
the satellite pair (relerence 4). For example, opportunities involving Ganymede and
Callisto arc of interest, because seven complete Ganymede revolutions take almost the
same amount of time as three comnplete Callisto revolutions (slightly more than 50
clays). For a given period, perijove, and encounter sequence,the positions of the
salcllites with respect to each other and to Jupiter change by only approximately 2 deg.
after 50 clays have elapsed. This rate is slightly lower than the average desired preces-
sion rate of the orbiter's 01 bit toward the magnetotail. Therefore. if conditions produce
a Ganymede-Callisto targeted-nont argeted pairing on one orbit, it is often possible to
achieve a similar pairing on the next orbit if the orbiter’s period is approximately 50
cl ays.

phasing Orbit

The three. -week interval during which targeted flybys are prohibited due to solar
cor ju nction occurs in January, 1997, after the first few targeted {lybys have taken
place. At this point in the tour, in the absence of solar conjunction, the desired time in-
terval between encounters would be shorl (35-45 clays). U nfortunately, the three-week
interval of prohibition scverely limits the lour designer's choice of flyby dales unless
tbc time between flybys is lengthened. (It s1louicl also benoted that lengthening the time
between flybys at this point in the tour makes it more difficult to meet the 23-month



duration constraint. ] The time between target ed flybys can be lengthened by inereasing
orbital period. or by keeping orbital period short and allowing the orbiter to complete
more than one orbit around Jupiter between targeted flybys.

The jdea of incorporating in the tour an orbit containing no targeted flyby (a
“phasing Orbit”) had not been considered in previous tour design efforts, principally be-
cause no constraint or requirement drove the tour design in that direction, The phasing
orbit strategy allows the orbit er's period 10 be kept simall even though the time interval
between flybys is long, making it easier to avoid the solar conjunction region while
keeping to the desired period profile at subscquent flybys. For this final tour design ef-
for(, candidate tours with and without phasing orbits were designed.

End of Tour

For tours in which the tail petal o 1bit occurs after the tenth flyby, that last flyby
is required to increase periodfor the tail passage. For {ours in which the tail petal orbit
is placed after the eighth flyby, there is no specific requirei nent which must be fulfilled
at the tenth flypy. Thercfore, the last flyby may be used to accomplish any science ob-
Jjectives not satisfied during the carlier portion of the lour.

For tours with tail petals after the cighth flyby, the end of the tour was deflined to
occur 5 clays after the tenth andlast targeted flyby.

TOUR OPTIMIZATION

The first step in designing a tour involves the use of conic software to fine] a tour
that incorporal cs the desired characteristics. The conic tour trajectory is thenused as a
“first g uess"in an optimization program. This program minimizes spacecraft propel-
lant consumption subject to constraints using the method described in reference 9.
This method uses a mulli-conic trajectory propagation scheme to generate a tour trajec-
tory of nearly numerical integrated accuracy. The total amount of propellant expended
in deterministic mancuvers required by the spacecraft while meetling the various flyby
constraints is minimized.

Experience with optimizing many candidat ¢ tours over many yecars fOr the
Galileo mission has resultedin a general understanding of what changes may occur be-
tween the conic anti multi-conic versions of a tour. In general there arc three areas that
Snow pai licular sensitivily in tou r optimization. Encounters with Europa are gener-
ally sensitive since the perijove distance is just slightly less than the orbital radius of
Europa. I-his means that since th¢ spacecraft orbit anti the orbit of Furopa are nearly
tangent at encounter, small changes prior to the encounter will have large conse -
quences at the encounter. The second arca of great sensitivity involves resonant orbits.
Aleg of the tour that involves successive encounters with the same satellite for which
the! time! between encounters is an integral multiple of the satellite period is a resonant
orbit. Since these two ¢ ncounters are very nearly 360 deg. aparl, the inclination of the
orbit is almost indet erminate. The third area of sensitivity involves nontargeted fly -
bys. Nontargeled flybys are often separated from targeted flybys by relatively short
time intervals {a few days). Consequently, nontargeted flyby distances can be very sen-
sitive to small changes in targeted flyby aimpoints. Care must be taken during the ini-
tial trajectory design and during the optimization process so that excessive AV cost is
not incurred in constraining nontargeted flyby distances within the desired limits, The
Subtle interplay of these sensitivities is very important in determining the final opti-
mal tour.

An example of this interplay occurs on the eighth and ninth orbits of the tour
presented here.  The nontargeted flyby of Callisto on orbit 8 and the targeted flyby of
Callisto on orbit 9 are nearly 360 deg. aparl, as arc the targeted flyby of Ganymede on



orbit 8 and the nontargeted flyby of Ganymede on orbit 9. This “double resonance” cre -
ales sensitivities due to the ncar-360 deg. transfers which increase the diffic ully of
keeping the nontargeted flyby attitudes within the desired limits.

RESULTS

The goal of the tour design process is to find a tour which achieves the maximum
possible science returnin thethree major areas (atmospheres, satel lites, and fields and
particles), has acceptably low propellant consumption, and does not violate mission
constraints. The tour selected by the Galileo Project Science Group and presented here
accomplishes this objective. A brief summary of the tour, showing the sequence of en-
counters and some objectives accomplished al each encounter, is presented in “l'able 2.
In this table, encounters arc numbered according to the orbit on which they occur,
Nontargeted encounters are designated with an “A” (e.g., Europa 3A). According to the
orbit munbering convention used, the orbit number changes al apoapsis, with orbit 1
beginning at tile perijove raise mancuver.,

Four nontlargeted flybys arc achieved in the {our. The high-priority objective of
achieving two nontargeted flybys of ¥ uropa (one covering each hemisphere)is satisfied,
One nontargeted flyby of Europa is achieved on orbit 3 in conjunction With a Callisto
targeted flyby, and the other is achieved on orbit 6 in conjunction with a Ganymede tar-
geted flyby. The 50-dav, Ganvimede - Callisto resonance is used to advantage on orbits 8
and 9, which provide one nontargeted flyby of Ganymede and one of Callisto.

Table 2
GALILEO sATELLITE TOUR
Inbound/ Altitude  Latitude
Encountet Dale Sateliite Outbound (k) (deg) Objective

Gi1 4 Jul 9Ei Ganymede In 500 25 Nake, Alfven wing, UVS, gravity, reduce period

G2 6 Sep 96 Ganymede In 200 85 Alfven wing, gravity, reduce inclination

Cc3 4 Nov 96 Callisto In 1096 14 Wake, Alfven wing, UVS cmunler-relate for atmosphernc
coverage, Jupiter occultations (Sun, Earth)

E3A 6 Nov 96 Europa out 31818 0 (Coverage (232 deg W. Long, phase . 34 deg)

£4 19 Dec 986 Europa Out 695 0 Wake, Europa occultations (Sun, Earth), Jupiler
occult ations (Sun, Earth)

(E5A) 20 Jan 97 Europa Out 27555 -1 Occurs during solar conjunction interval on phasing orbit

£6 20 Feb 97 Eurcpa In 589 17 Europa occultations (Sun, Earth), Jupiter occultations (Sun,
Earnh), 10 occultation

E7A 4 Apr 97 Europa In 24993 2 Coverage (133 degW.long., phase = 52 deg), distant
wake

G7 5 Apro7 Ganymede Out 3105 55 Altven wing

CEBA 6 May 97 Callisto In 33176 -42 (Coverage (72 degW. Long phase = 43 deg)

Ge 7 May 97 Ganyniede In 1602 28 (3anymiede occultations (Sun, E arth), Jupiler occuliatio ns
(E arth), distant UVS

o 25 Jun 97 Callisto In 420 2 Caliisto occultations (Sun, Earth), Jupiter occultations
(EaNh),lo occultations, tail petal

GYA 26Jun 97  Ganymede In 80246 0 (Coverage (98 deg W. long., phase = 20 deg), distant wake

Tail Petat Apojove 8 Aug 97 1143 Ry, 175 deg phase, 0,2 deginclin alien

Clo 17 Sep 97  Callisto In 528 5 Wake, Alfven wing, Jupiter occultations (Sun, Earh),rolate,
UVS, reduce period

Ell 6 Nov 97 Europa In 1127 66 Allven wing

Deterministic AV: Jupiter Ortit Insenion = 645 nv's, Perijove Raise = 375 nvs, Tour .23 nvs Total Radiation .123 krad



This tour uses a phasing orbit 1o satisfy the solar conjunction constraint. ‘he
usc of a phasing orbit (orbit 5in the chosen tour) has the slight disadvantage of
complicating tour nomenclature. Encounters are numbered according to the orbit
duri ng which they occur. This mcans, for example, that the fifth targeted flyby is
referred to as Furopa 6 since it takes place duiing the sixth orbit,

The phasing orbit contains some opportunities for additional scientific obser-
vations. The lit side of Jupiter is visible near perjove, ant] there is a nontargeted flyby
of Europa which occurs on this orbit due to the near-commensurabilily of the orbiter’s
perfod with that of Europa. llowever, both perijove passage and the EKuropa nontargeted
flyby occur during the three-week interval d uring which communication with the or-
biter is not assured. For this reason, it was assuined for the purpose of tour evaluation
and selection that no science observations arc possible during the phasing orbit. The
primary concern during the solar conjunction interval is maintaining the orbiter’s
health until communications arc once again possible. llowever, It may be possible to
taperecord some Science observations for later playback. depending on the tape
recorder capacity and the amount of memory available in the orbiter’'s compulers after
storing other nccessary commands.

The tail petal orbit is placed after the cighth targeted fiyby (Callisto 9). 4-his tour
allows about 26 days for observations of Jupiter's lit side, about 4 days less than tours
with the tail petal orbit placed after the last targeted flyby. This slight red uction results
from the need to rotate the orbit more quickly toward the anti-sun direction to
facilitate the carly magnetotail passage. (The 26 clay total dots notinclude an extra 2.4
days of obscrvation available near the perijove of the phasing orbit during which the
orbiter isout of communication with IKarth )

Only 23 m/s of deterministic AV is needed to fly the nominal trajectory. ‘I'his is
the lowest delerministic AV for any tour ever designed containing this many nontar-
geted flybys.

The tour contains seven occultations of Earth by Jupiter as viewed from the or-
biter in addition to the one oblained on the insertion orbit, These occultations cover a
range of latitudes extending from the southern to northern mid-latitude regions. One of
these occultations occuirs during the phasing orbit during the time period when the Sun-
12irth-orbiter angle is less than 5 deg. The closest distance to Jupiter attained during
any of the post-insertion orbit occullations is 2.2 million km, on the third orbit. The
tour contains five passages through Jupifer's umbra (in addition to the one on the inser-
tion orbil). One umbral pass occurs on the phasing orbit during the time period when
the SLIn-Karlh-orbiter angle is lessthanb deg.

one passage each through the wake of Kuropa and Ganymede is provided, and
two arc provided through the wake of Callisto, all at altitudes of less than one satellite
radius, Two Alfven wing passages arc provided within one satellite radius of the surface
alt Ganymede, one at Europa, and two at Callisto. One additional passage through
Garrlymcde's Alfven wing occurs during which the ol-biter passecs within two radif of the
surface.

The orbiter achieves an apojove distance of 143 Jupiter radii (RJ) on the tail
petal orbit, less than the goal of 150 RJ set by the fields ancl particles science team.In
spite of this shortfall, this tour was still deemed desirable by this team because the tail
passage occurs after the eighth rather than the tenth flyby, and because another passage
through the tail region is provided on the pr eceding orbit reaching an apojove of ap-
proximately 100 R J.



The reduced apojove distance of 143 RJ is the result of aninteresting interplay
between the limitations of Callisto’s ability to perform gravitational assist and the
small but important gravitational effect of the Ganymede 9A nontargeted flyby. The
Ganymede 9A nontargeted flyby (an inbound, lightside encounter) reduces period by
about 3.5 dayS, so that in order to achieve the 83.4 day {light tiine between the Callisto 9
and 10 flybys in this tour, the Callisto 9 flyby must actually raise period to nearly 87
days. Thus, the Callisto 9 flyby altitude is lower in this tour than it would be if there
were no Ganymede 9A flyby. A distanceof 1 50 RJ at the tail petal apojove could be
achifeved by using the Callisto 9 targeled flyby to increase period approximalely eight
more clays, targeting to a Callisto 10 outbound flyby about half a Callistorev later. In
order to raise period an additional eight clays, the Callisto @ flyby altitude would have to
be lowered. As it happens, raising the period another eight clays would drive the
Callisto 9 flyby allitude below the 200 kin navigation-immposed lower limit unless 10-20
m/s of deterministic AV is added. lowever, if not for the extra c! flort needed to counter-
act the slight period-redLIcill~ cffect of the Ganymede 9A flyby, the Callisto 9 flyby could
indeed raise period the required amou nt without going below the 200 km lnit. In ef-
fect, this tour provides a nontargeted flyby with Ganymede, low deterministic AV, and
an extra pass through the magnetotailat 100 RJ at the cost of I-educing the greatest dis -
tance attained in the magnectotail from 150 10143 RJ.

initial optimization analysis of this tour showcd that the deterministic AV cost
to keep all four non-targeted flybys atless than 50,000 ki altit ude (the highest altitude
at which 1 -km SS1 resolution cari be obtained) wo uld be about 33 mn/s. Furth er analysis
with the altitude constraints rclaxed showed that allowing the Ganymede 9A flyby alti-
tude to increase to 80,000 ki resultedinlower allitudes at Kuropa 3A and Callisto 8A
andreducedthe AV costtoonly16 111/s. Thus the sacrifice of some globs] coverage of
Ganymede act ually improved the Europa and Callisto coverage and cut the AV cost
roughly in half.

A single opport unily to obtain a distant lo occultation occurs inn this tour on or-
bit 6,at a distance of approximaltely 3.3 million km from lo. Six more such opportuni-
ties occur on orbit 9 (the tail petial orbit), at distances of 9.6 - 10.5 million km from 10.
The Orbiter is C] OSCL’ to lo on orbit 6 than on orbit 9 because the apojove is cl oser to the
dawn terminator al this point inthetour [see also the “petal plot” of Figure 3). Small
changes to the orbital inclination arenccessary to accomplish these occultations. The
changes arc made during the optimization process by constraining the flyby latitude of
the targeted flyby preceding the occullations and re-optimizing the rest of the tour.
Since the transfer from Callisto 9 to Callisto 10 is a resonance, the neccessary slight
change in inclination on orbit 9 can be accomplished without appreciable cost, To take
advantage of theopportunily on orbit 6 however, inclination must be changed by about
0.3 deg. from the optimal value. This costs about 7 m/s extra deternninistic Av, and ne-
cessitates a change Of about 15 deg. in the latitude of the Europa 6 flyby. Since the op-
porlunity on orbit 6 occurs closcr to Io than the ones on orbit 9, it is likely to yield bet-
ter1esults. The Galileo project chose to accept the extra 7 In/s cost of this opportunity
ant] include it as part of the adopted lour, bringing the total AV up to 23 /s, still low
compared to other tours.

The total absorbed radiation during thetour is 123 Krad, less than the 1560 Krad
limit. Apojove of the tail petal mbit is reached on August 8, 1997 at a solar phase angle
of 175deg. and an inclination of 0.3 deg to Jupiter’'s equator. “I’'he tour ends on
November 11, 1997, 5 days after the last targeted flyby ancl 4 days after the nominal
end-of-mission on November 7, 1997 (23 months after insertion into orbil about
Jupiter).




EXTENDED MISSION IMPLICATIONS

The tour presented here contains only two flybys of Kuropa before the tail petal
o1 bit. Neither of these provided an Alfven wing passage. A near-polar pass is neccssary
to satisfy this requirement, preferably ata low altitude. Since this requirement was
not previously satisfied, the last flyby was designed to be a targeted encounter of Europa
providing an Allven wing passage. This flyby (Furopa 11 ) also establishes a resonant
orbit with Iuropa having a period of 43 days, leading to are-encounter with Europa in
January, 1998 for no deterministic AV cosl. It is possible to choose aimpoints at the
Europal2 flyby which allow resonance with Europa to bemaintained, allowing a
Europa 13 flyby for no additional deterininistic AV cosl. One of these choices (a latitude
of about 20 degrees and an altitude of 8,000-9,000 kim}wo uld yield very good high reso-
Iution NIMS coverage not available in the nominal tour. Resonance with Europa could
be maintained indefinitely, allowing an unlimited number of subsequent Europa flybys
for only the AV cosl of navigation.

CONCLUSIONS

The tour sclected by the Galileo project and presented here is the ultimate prod-
uctl of years of refinements intour design techniques, as well as evol ution in science re-
quirements ant] mission constraints. The development and continuous improvement
of these techniques has enabled th e design of a tour yicldi ng higly science return while
salisfying numerous constraints, including some iinposed since launch. In part icular,
the low AV cost of this tour allowed the project to exercise the option of performing the
Ida flypy while retaining a high level of science return in the tour.
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